Introduction
The advent of high power infrared lasers has stimulated the need for non-perturbative theoretical methods of describing the interaction between infrared radiation and molecular systems. There is interest in the response of isolated molecules to high power infrared lasers (e~g., "multiphoton" dissociationlof small polyatomic molecules) and also in the influence of such radiation 2 processes.
on the dynamics of molecular collision
The standard "semiclassical theory of radiation and matter,;3 takes the radiation as a classical time-dependent electromagnetic field, described by Maxwell's equations, and describes the "matter" ~ 1. e., molecules, quantum mechanically. The time dependent Schrodinger equation is used to determine J the influence of the external time-dependent field on the quantum mechanical molecular system. This approach has several shortcomings, perhaps the most severe being that an accurate quantum mechanical description of any molecular system other tha~ a diatomic molecule is not generally possible. Classical and semiclassical methods are often a good description of molecular dynamics, however, so one can expect to overcome this shortcoming by treating the molecular system by classical, rather than quantum mechanics. Assuming that no electronic transitions are involved, the theoretical model then consists of classical trajectories moving on a potential energy surface with an external time-dependent force from the classical electromagnetic field.
The above classical approach has already been applied 4 .,,5 tbseveral ' " -....
.,.. 3- examples of "multiphoton" dissociation by high power infrared lasers, and one expects it to be a realistic model of this phenomenon. It is not completely satisfactory, however, Apart from being strictly classical' and thus missing any quantum effects that might be significant, this model also has the drawback that the classical Hamiltonian is time-dependent (because of the external time-dependent field) so that the energy or the system is not conserved. (This is correct, of course, since the molecule gains or looses energy from the external electromagnetic field.) This means that energy conservation cannot be used as a check on the accuracy of the classical trajectories as it commonly is for ordinary trajectory calculations without external fields. This paper presents a new theoretical model which also' treats both the radiation field and the molecular system classically. Rather than treating the radiation as a classical field, Le., via Maxwell's equations, however, the equivalence of the radiation field to a set of harmonic oscillator~ is invoked, and the harmonic oscillators representing the field are treated as classical oscillators, i.e., as following classical trajectories. (This, of course, was Planck's model for the radiation field by which he explained black body radiation. This "new" model is Qthus actually very old!) The Hamiltonian for the complete system--radiation field, molecules, and their interaction--is introduced, and it conserves the total energy of the complete system, molecules plus radiation field. I t is also possible. to combine this classical treatment of the dynamics with the quantum mechanical principle of superposition via "classical 7 S-matrix" theory, and thus build quantum effects into the description.
~4-
Even at the classical level~ i.e" neglecting effects of the superposition principle, this model.describes all the dynamical effects in the interaction of molecules with radiation: absorption and emission of energy by the molecular system, and even ~ontaneous emission of the molecular system. That spontaneous emission is obtained at the completely classical level is interesting since it is often considered to be an j inherently quantum mechanical effect. 6 ,8,9
The interaction of radiation and matter is a well-worn topic in general, and in particular the-re are several other kinds of "semiclassical" approaches 8, 9 that are capable of describing supposedly quantum~like features such as spontaneous emission. The "neoclassical" theory of Jaynes 8 is the: approach most akin to the present work. The primary difference between the two is that the "neoclassical" approach retains a quantum mechanical-description of the particles while using a classical treatment of the radiation field.
Because of this mixed description the analysis is much more cumbersome than the present and it is also necessary to introduce various dynamical approximations into the treatment; this is typically the case when some degrees of freedom are described quantum mechanical and others are described classical.
7 Since the present approach treats both particles and radiation field on an equal dynamical footing, i.e., classically, a rather elementary calculation is possible without invoking any dyanmical approximations (other than the use of classical mechanics). As mentioned above, the system can be "quantized" via classical S-matri?C theory if this is .deemed desirable or necessary. The primary advantage of the present formulation is that non-perturbative calculations are possible, and even quite straightforward, since one can numerically compute the classical trajectories of ' . To make the classical limit more intuitive it is useful to replace t " a and a by the operators P and X, ,.' The time dependence of the field variables is simpler if P and X are replaced by the action-angle variables ll Nand Q:
In terms of these variables the classical Hamiltonian of Eq. (2.4) becomes
Since the unperturbed time-dependence of Nand Q is
their time dependence in the coupled system is expected to be simple also.
b. Semiclassical Model
It is also clear how one can incorporate quantum effects into the 7 picture within the framework of "classical S-matrix" theory.
Suppose, for example, the molecular system is a collinear A + BC collision process.
There are two molecular degrees of freedom, translation and vibration, characterized by variables (P,R) and (n,q), respectively; nand q are the action-angle variables for the B-C vibrational motion. The complete system thus has a translational, or scattering degree of freedom and two vibrational degrees of freedom, B-C motion with action-angle variables (n,q), and the field with action-angle variables (N,Q). n has the interpretation of the vibrational quantum number for the diatomic molecule, and N is th,e number of photons in the field. For a total energy E the scattering parameters of interest are the S-matrix elements, (2.8) which are the probability amplitudes for the nlN I -+ n 2 N 2 transition.
This S-matrix element describes a collision in which the vibrational state of BC changes from n l to n 2 with the absorption (or emission) of (N 2 -N I ) photons from the field.
The S-matrix elements of Eq. (2.8) are determined semiclassically by the classical S-matrix formalism. 7 One requires classical trajectories of the system for which nand N are initially the in~egers n l and N I , while
the initial values of the conjugate angle variables" ql and QI' must be chosen so that nand N are the integers n'2 and N2 at the end of the . .
-9-traj ectory. The expression for the classical S-matrix is of standard form and need not be given here, other than ,to note that the phase cP of the S-matrix element is given by ..
III. Elimination of Field Variables
Eq. (2.5c) and (2.5d) can be combined to eliminate P, giving the following equation for X(t):
This is a linear inhomogeneous equation for X(t) which is easily solved}
where XO(t) is the "unperturbed" solution, Le., the solution to the' homogeneous equation: A rather straight-forward calculation gives N2 -N(t 2 ) as 2 -iwt e ll(x(t» (3.6) where the molecular trajectory x(t) is determined by Eq. (3.4) .
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IV. Absorption and Emission in the Perturbative Limit
Although the classical/semiclassical model described in Sections II and III is expected to be of most use for high power radiation fields when a non-perturbativetreatment is necessary. it is interesting in making contact with other approaches to see how this model describes absorption, induced emission, and spontaneous emission of radiation in the perturbative limit. Since spontaneous emission is often thought of as an intrinsically quantum mechanical phenomenon, it is particularly interesting to see here that it comes about in a completely straight-forward way in a totally classical th~ory.
Consider specifically the change in the energy of the molecular system during the time interval (t l , t 2 )':
max- . (4.4) In the second term of the RHS of Eq. (4.4) the integrand is symmetric with respect to exchange of t and t', so that (4.5) .OJ
. . Q.im T-700 
cos(wt) C (t)
. r The net rate of change of the molecular energy for the initial state n l is thus·
Since the delta function can be represented as proportional to h, so that it vanishes in the completely classical limit h = 0; i. e., in this limit absorption and induced emission exactly cancel 
relation. 18
It is also interesting to see that the proper identification requires The classical/semiclassical model that has been presented here differs from the standard semiclassical theory of radiation and matter in two essential ways: the molecular system is treated by classical, rather than quantum mechanics, and the radiation field is described as classical Even within the completely classical version of the model it is seen that all the dynamical-features of the interaction of radiation with mB:tter appear. Spontaneous emission, for example, which is often difficult to describe within other classical or semiclassical models, is seen to appear in the model in a completely straightforward manner.
One would in general expect this model to be most reliable when the quantum numbers of the molecular system and of the field are large.
Since the intramolecular potential surface is a smooth function, however, and the field a harmonic oscillator linearly coupled to the molecular
-26-system, it is not surprising that the model can also be accurat~ even for small quantum numbers. In Section IV it was thus shown that absorption and emission, which are single photon processes in first order perturbation theory, are described correctly. For weak fields, as well as for high power lasers, one therefore expects this model to be a useful description of the interaction of molecular systems with infrared radiation fields.
One expects it to be particularly useful when non-perturbative treatments are necessary.
t.
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AppendiX
The purpose of this appendix is to show that the solution of 
